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Abstract
We demonstrate how the measurements of the Higgs-fermion and Higgs-gauge
boson couplings can be interpreted in terms of physics beyond the Standard
Model in a model-independent way. That is, we describe deviations from the
Standard Model by effective d = 6 operators made of Higgs fields and gauge
fields, under the hypothesis that the new physics may show up in the Higgs
sector only and the effective operators are generated at tree level. While the
effective operator coefficients are independent in general, the completion of the
theory at high energies will lead to specific correlations which will be recovered
between Higgs-fermion and Higgs-gauge boson couplings. We demonstrate that
the current measurement of these couplings in terms of tree-level new physics
requires several new mediators with specific relationships among different cou-
plings. New insights in the effective theory and mediator spaces can be expected
for improved measurements from the inclusive H → ττ and the exclusive vector
boson fusion-dominated H → γγ search channels, as well as the measurement of
the Higgs self-couplings, including higher order couplings which do not exist in
the Standard Model.
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1 Introduction
The last update of the ATLAS and CMS collaborations on the Higgs searches es-
tablished the existence of a new resonance at 125 GeV with 5σ significance for the
signal [1, 2]. This resonance is compatible with the Higgs boson, that would complete
the Standard Model (SM) picture. However, to be sure that this new resonance is the
SM Higgs boson, one need, among other things, measure its couplings and compare
them to their SM prediction. In case of inconsistencies, one should try to identify the
information that can be drawn on new physics from the Higgs data. Several studies
have been performed on Monte-Carlo expectations [3–8] as well as on the first hints
from 2011 data [9–19]. In the light of the new Higgs data several new studies have
already appeared where general Higgs couplings are probed [20–26]. These studies use
a model independent approach by adding a small, independent, deviation to each of
the Higgs couplings to the SM particles.
However, one needs to interpret these deviations in terms of possible new physics
models. With that goal, we study in this paper the implication of a set of effective
operators on the Higgs data, see Refs. [27–35] for earlier works, and interpret them
with respect to their possible ultraviolet completions. As it was shown in Ref. [35],
correlations between the coefficient of the effective operators arise when considering
these new physics models, which offer the possibility to test these models via the
measurement of the Higgs couplings. The paper is organized as follows. We first
review the formalism developed in Ref. [35], showing how the Higgs couplings and
observables are modified by the presence of effective operators. We then apply the
recent constraints obtained at the LHC to the coefficient of the effective operators
and show how they can be used to discriminate between different new physics model.
Finally we propose new ways to improve the measurement of the effective coefficients
considered in this work.
2 Modification of the Higgs sector from effective
operators
Effective operators are useful to describe Beyond the SM (BSM) physics in the low-
energy limit in a model-independent way, similar to Fermi’s theory for beta decay. The
effective Lagrangian can be written as
Leff = LSM +
∑
i
αiOi , (1)
where αi ∝ Λd−4 is suppressed by the scale of new physics Λ and the mass dimension
d of the operator. While the lowest dimensional operator, the unique d = 5 Weinberg
operator, violates lepton number and leads to Majorana neutrino masses, there is a
phletora of d = 6 operators which can be constructed from SM fields [36] (see also
Ref. [37] for the discussion of the number of independent operators). Among these
operators, only a few can be built from the Higgs and SM gauge fields only, which can
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be directly related to observables in the Higgs sector. Following Ref. [35], we focus on
the ones which can be mediated at tree level (see Refs. [38, 39]), assuming that these
may be the leading ones in perturbative theories.1 In the Buchmu¨ller-Wyler basis [36],
they read
Oφ = −1
3
(φ†φ)3 , O∂φ =
1
2
∂µ(φ
†φ)∂µ(φ†φ) , (2)
O(1)φ = (φ†φ)(Dµφ)†(Dµφ) , O(3)φ = (φ†Dµφ)((Dµφ)†φ) , (3)
where φ is the Higgs doublet. As demonstrated in Ref. [35], Oφ can only be tested by
measuring the Higgs self-couplings [40–47] (or new interactions, such as higher order
interactions of the Higgs). Since this may be difficult at the LHC, we disregard it
for the moment and comment on it later. In addition, O(3)φ is severely constrained by
electroweak precision tests (EWPT), in particular, the contribution to the T param-
eter, which leads to α
(3)
φ v
2 . 3 · 10−4. Therefore, any completion of the theory must
not violate this bound, which restricts the possible mediators leading to the effective
operators O∂φ and O(1)φ [35].
In order to describe the modification of the SM Lagrangian by O∂φ and O(1)φ , all
SM relationships are expressed in terms of the best measured quantities, the Fermi
constant GF , the fine-structure constant α, the mass of the Z boson MZ , and the
mass of the Higgs boson MH , which is accessible at the LHC, and renormalizing the
Lagrangian by keeping these fixed to their measured values. This procedure is in detail
discussed in Ref. [35], and leads (among other implications) to the following leading
order modifications of the SM Higgs-gauge boson and Higgs-fermion couplings:
λHV V = λHV VSM
(
1 + α
(1)
φ
v2
2
− α∂φv
2
2
)
, (4)
λHff =
Yf√
2
=
YfSM√
2
(
1− α∂φv
2
2
)
. (5)
Here V represents the SM gauge bosons W and Z. Because of these modifications,
the couplings of the Higgs boson to two gluons, mediated by a fermion loop, is also
modified and goes like
λHgg = λHggSM
(
1− α∂φv
2
2
)
, (6)
while the coupling to two photons reads2
λHγγ = λHγγSM
(1− α∂φ v22 )43AH1/2(τt) + (1 + α(1)φ v
2
2
− α∂φ v22 )AH1 (τW )
4
3
AH1/2(τt) + A
H
1 (τW )
, (7)
1For a discussion how well a different set of the Higgs-gauge interactions can be measured, see
Ref. [20].
2Here we only consider the tree level correction, and we assume that the loop contribution induced
by the same mediators is sub-leading.
3
Gauge Non-gauge
Coeff. Participating in 1s0 3
s
0 3
s
1 1
v
0 3
v
0 1˜
v
0 3˜
v
0
α
(1)
φ HWW , HZZ 0 2
µ2∆
m4∆
4
|µ∆1 |2
m4∆1
0 − g2U
2m2U
0 −2 λ2U
m2U
α
(3)
φ EWPT! 0 −2 µ
2
∆
m4∆
4
|µ∆1 |2
m4∆1
−2 g2V
m2V
0 0 2
λ2U
m2U
α∂φ HWW , HZZ,
Hf¯f
µ2S
m4S
µ2∆
m4∆
0
g2V
m2V
g2U
4m2U
− λ2V
m2V
− λ2U
m2U
Table 1: List of mediators and their contributions to the effective operators O(1)φ , O(3)φ ,
and O∂φ, (only single mediator cases). The operator O(3)φ is limited by electroweak
precision tests (EWPT). Table from Ref. [35].
where τi =
M2H
4M2i
, AH1/2(τ) = 2[τ+(τ−1)f(τ)]τ−2, AH1 (τ) = −[2τ 2+3τ+3(2τ−1)f(τ)]τ−2
and
f(τ) =
{
arcsin2
√
τ τ ≤ 1
−1
4
[
log
(
1+
√
1−τ−1
1−√1−τ−1
)
− ipi
]
τ > 1
. (8)
For the comparison with the literature, we also use the deviations from the SM cou-
plings cV ≡ λHV V /λHV VSM and cF ≡ Yf/YfSM in the following. As a consequence, the
effective operator coefficients can be easily rewritten as
α
(1)
φ
v2
2
= cV − cF , (9)
α∂φ
v2
2
= 1− cF (10)
in terms of the deviations of the gauge boson and fermion couplings. Note that in the
above formulas we have already assumed that α
(3)
φ ' 0 .
3 Interpretation of deviations from the SM
The question that naturally arises is the interpretation of the effective operators O∂φ
and O(1)φ in terms of new physics, and if correlations among these operators can appear
in specific theories. Focusing on SU(2) singlet, doublet, and triplet scalars, and singlet
and triplet vectors as the mediation fields of the effective operators, all possibilities
for the tree-level mediation of these operators have been identified in Ref. [35]. The
procedure can be qualitatively described as follows: all possible topologies and fields
insertions, which can lead to the effective operators, have been identified, together
with the minimum set of necessary interactions to generate the operators (plus inter-
actions among the mediators). Then the fields have been simultaneously integrated
out to derive the operator coefficients and possible effects of new mediator-mediator
couplings in the multi-mediator cases. From this minimum set of interactions, no four-
fermion vertices can be generated because scalar/vector-fermion couplings have not
been introduced.
4
In order to simplify the presentation, we have assigned symbols to the mediators
and list the SM quantum numbers in brackets in the form XLY , where
• X denotes the SU(2) nature, i.e., singlet 1, doublet 2, or triplet 3.
• L refers to the Lorentz nature, i.e., scalar (s) and vector (v).
• Y refers to the hypercharge Y = Q− IW3 .
The result is summarized in Table 1 for the single mediator cases, i.e., when only one
mediator is present at a time. For multiple new mediators, the interactions add trivially.
The different couplings in the table refer to couplings between the mediators and the
Higgs, and are in detail specified in Ref. [35]. As a peculiarity in the table, the new
vector mediators may be gauge fields, or the Lagrangian results from a broken gauge
symmetry (non-gauge vectors), where the interactions are introduced in a different
way. Furthermore note that the operator Oφ in Eq. (2) may be mediated by a doublet
scalar, which does not appear in Table 1 because it does not lead to any of the shown
operators.
From Table 1, one can easily read off that
• The single mediator cases with 3s0, 3s1, 1v0, and 3˜v0 are forbidden, since they produce
large corrections to the electroweak precision data via α
(3)
φ .
• If cancellations among the contributions from more than one mediator are al-
lowed, the contribution to α
(3)
φ can be eliminated by choosing the couplings ac-
cordingly. The most prominent case frequently used in the literature [48–52] and,
in fact, the only one we study here, is that of two triplet scalars 3s0 and 3
s
1. The
cancellation condition −2µ2∆/m4∆ +4|µ∆1|2/m4∆1 = 0 implies that α(1)φ = 4µ2∆/m4∆
and α∂φ = µ
2
∆/m
4
∆.
• For each mediator, particular correlations between the effective operator coef-
ficients α
(1)
φ and α∂φ are obtained. For example, for 3
v
0, one has α
(1)
φ = −2α∂φ.
These correlations will be directly translated into correlations between cV and cF ,
which are not present if only the effective field theory is considered. In addition,
the sign of the deviation from these couplings contains meaningful information.
We show in Fig. 1, left panel, the actual (first) measurement of cV and cF by the
CMS collaboration and the translation into the effective operator plane, right panel,
using Eq. (9) and Eq. (10).3 The different lines (rays) represent the correlations among
the effective operator coefficients for specific mediators, where in the case of small
couplings (α→ 0 or, equivalently, c→ 1), the SM is recovered. The dashed circle in the
right panel shows the perturbative regime, i.e., the region where the effective operator
approach is expected to be a good description. Note that the case 1s0 corresponds to
the minimal composite Higgs model MCHM4 [55,56] in the positive coupling constant
region, since they both produce only α∂φ.
3For recent combined analyses of the Higgs self-couplings, including the contribution of different
channels and constraints from ATLAS, see e.g. Refs. [22, 53,54].
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Figure 1: Filled contours: measurement of the Higgs-vector boson and Higgs-fermion
couplings in terms of cV and cF (left panel, “experimental plane”), and α
(1)
φ and α∂φ
(right panel, “theory plane”). The data are at the 68% and 95% confidence levels, taken
from Ref. [2]. The different lines (rays) represent the correlations among the effective
operator coefficients for specific mediators, where in the case of small couplings the
SM is recovered. The dashed circle in the right panel shows the perturbative regime
(geometric average of couplings smaller than about 0.5), i.e., the region where the
effective operator approach is expected to be a good description.
From this figure, one can read off that while the SM is disfavored at the 68%
CL, a simple interpretation with the current data in terms of the simplest possible
models seems unlikely. However, using, for instance, three scalars, one can construct
more complicated models aligned with the fit contour (cf., right panel). Such a model
would also require specific relationships among the couplings, to give an idea for the
required complexity. However, future measurements will improve the precision, and
the best-fit shape may change. The picture in Fig. 1 can be used to directly interpret
these measurements in terms of theory. The left panel in Fig. 1 can be regarded as
“experimental plane”, and the right panel as “theory plane”. In addition note, as we
will show below, that for mH ' 125 GeV the information from the leading channels is
highly correlated in the effective operator (theory) plane (cf., Fig. 5 in Ref. [35]). This
correlation can be easily seen in the right panel of Fig. 1.
Note that in the CMS analysis, the parameters cV and cF are independent, and
therefore a genuine two parameter fit is performed. In terms of the mediators at tree
level, the EWPT constraint turns this fit into a one parameter problem even for two
mediators, and the fit of the couplings is reduced to a fit along the lines in Fig. 1 –
which, however, depends on the mediator. The 95% confidence level constraints on the
individual coupling-mass ratios in Table 1 can be directly read off from Fig. 1 (ranges
6
from zero to the point where the lines cross the blue/dark region, to be corrected for
one versus two d.o.f. - which leads to a somewhat smaller range than shown in the
figure).
4 Perspectives for different search channels
The LHC data are collected through different search channels. The ratio of the event
rate compared to its SM prediction, RYX , of a channel where the Higgs is produced by
the mechanism X and where it decays into a given final state Y is:
RYX =
σ(X → H)×BR(H → Y )
σSM(X → H)×BRSM(H → Y ) . (11)
Currently the production mechanisms considered are gluon fusion (X=gg), vector bo-
son fusion (X=VBF) and Higgsstrahlung/associated production (X=VH), while the
decays to gauge bosons (WW , ZZ, γγ) and fermions (ττ , bb) are measured. In the most
recent data, the channels studied are: Inclusive (“incl”) channels, which are dominated
by the gluon fusion mechanism even for large values of α∂φ and α
(1)
φ . In the numerical
analysis below we add the sub-leading contributions from the other production modes
blindly, i.e. assuming that acceptance and efficencies are identical for the different pro-
duction modes. The other possibility are exclusive channels, which only rely on one
production mode. For VBF a non-negligible part stems from gluon-fusion production
and this is added using the fractions given in the experimental analyses [57, 58]. The
selection of the best search channels does not only depend on the Higgs mass, but also
on other factors, such as energy resolution and SM backgrounds. The leading search
channels right now are the H → γγ and H → ZZ channels, in spite of these branching
ratios not being the dominant ones, for which the observables can be approximated (as
inclusive channels) by Rγγincl and R
ZZ
incl.
From Fig. 1, left panel, one can read off that cV is better measured than cF at
the moment, which translates through Eq. (4) to the degeneracy α
(1)
φ ∝ α∂φ in the
right panel. This means that the individual effective operator coefficients are difficult
to extract from this combination. So what observables can be used to break this
degeneracy? In order to address this question, we show in Fig. 2 the value of RYX as a
function of the individual effective operator coefficient α
(1)
φ v
2, using a fixed relationship
α∂φ = α
(1)
φ (i.e., along the correlation axis in Fig. 1, right panel). As one can read off
from Fig. 2, Rγγincl and R
ZZ
incl indeed exhibit very little dependence on the individual
coefficient α
(1)
φ , which means that a very small error on R is needed to constrain this
coefficient. This is illustrated by the gray-shaded area, which shows the effect of a 20%
measurement of RYX : in this case, the individual coefficient cannot be constrained.
Consider, for instance, RZZincl. One can read off from Eq. (4) and Eq. (5) that
RZZgg ∝
(
1− α∂φv2
) (
1 + α
(1)
φ v
2 − α∂φv2
)
× ΓtotSM
Γtot
, (12)
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Figure 2: Value of the individual effective operator coefficient α
(1)
φ
v2
2
as a function
of RYX for different search channels for a fixed relationship α∂φ = α
(1)
φ . The orange
shading illustrates the effect of a 20% measurement of RYX .
where the total decay width contains also a dependence in α∂φ and α
(1)
φ
4. This means
that it only measures a combination of α
(1)
φ and α∂φ. In this channel the rate change in
gluon-fusion production is mostly compensated by a corresponding change in the total
width, originating from the dominating fermionic decay modes, while the combination
of α
(1)
φ and α∂φ leaves the decay width unchanged. From Eq. (4) and Eq. (5), it is
obvious that RττVBF measures the same combination of parameters, where the role of
the new couplings between production and decay is exchanged. Therefore, its role in
Fig. 2 as a useful observable is also limited, in addition to the low statistics expected
in this exclusive channel.
The most efficient observable is the gluon fusion dominated ratio Rττincl, since it
measures cF , and therefore α∂φ, exclusively; cf., Eq. (5). It clearly exhibits the strongest
dependence on α
(1)
φ = α∂φ in Fig. 2. Another option to break the degeneracy is to use
a vector boson fusion dominated exclusive RγγVBF channel: we show R
γγ
dijet (dominated
by VBF) in Fig. 2. Here the different dominant Higgs production mode (compared to
Rγγincl) leads to a different dependence on the effective operator coefficients. It is, at
the end, a matter of statistics where the best information can be obtained. From the
Higgs production cross sections at 125 GeV, which is suppressed for vector boson fusion
compared to gluon fusion by about one order of magnitude, these options should be
comparable in terms of statistics, but it is not clear how this comparison looks like in the
presence of selection efficiencies, backgrounds, and energy resolution. In principle, Rττincl
is the channel from which the strongest constraints are expected, since the dependence
in Fig. 2 is stronger, which means that it is worth to optimize it. In terms of theory,
both channels will lead to strong constraints of the couplings in Table 1, and may
finally rule out the SM prediction.
4One can make the approximation: ΓtotΓtotSM
' 1 + 0.25(α(1)φ v2 − α∂φv2)− 0.75α∂φv2
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Apart from the mediators listed in Table 1, a doublet scalar 2s1/2 has been found
as a possible mediator of Oφ in Eq. (2) [35], which does not necessarily have to take a
vev. The operator Oφ will lead to shifts of the Higgs self-couplings, which are known
to be hard to measure at the LHC, for instance
λHHH = λHHHSM(1− α∂φ
v2
2
+
1
3
αφ
v2
λ0
) , (13)
where λ0 = M
2
H/v
2. If α∂φ can be measured from the Higgs-fermion couplings, then αφ
can be in principle extracted from measuring this coupling. However, note that also
new higher order effective Higgs interactions are generated by Oφ:
δL = −αφv
4
H5 − αφ
24
H6 . (14)
These are not present in the SM and may be useful in the future to discover new physics
and interpret it in terms of BSM theories. However, there will be also an irreducible SM
background from the production of several Higgses by SM interactions, and it remains
to be seen if useful information can be obtained from these couplings. In addition, the
measurement of these couplings requires beyond LHC technology, such as a linear or
muon collider.
5 Summary and conclusions
The discovery of the Higgs at the LHC is the beginning of a new era which can be
regarded as the precision physics of the Higgs sector. Especially the new data allow to
probe the values of the Higgs-gauge boson and Higgs-fermion couplings. We have fo-
cused on the theoretical interpretation of possible deviations from the Standard Model
identified there, where we have used a model-independent approach. We have tested
the hypothesis that new physics may lead to effective d = 6 operators made from Higgs
and gauge bosons only, and that the new mediators lead to a tree level generation of
such an operator. Two of the operators can be directly related to a linear combination
of the Higgs-gauge boson and Higgs-fermion couplings, which are perhaps the simplest
observables in the Higgs sector.
We have demonstrated how current bounds translate into the measurement of the
effective operator coefficients. With the data from the leading channels, an approxi-
mate degeneracy between the coefficients has been identified. Future measurements of
sub-leading channels, such as the inclusive H → ττ channel and the exclusive vector
boson fusion-dominated H → γγ channel, can be used to reduce that and to exclude
the SM case. We have also demonstrated how the measurements can be interpreted
in terms of the tree level mediators, which lead to particular correlations in the ef-
fective operator plane. Although the actual low statistics does not allow one to draw
definitive conclusions, we have shown that the LHC is powerful enough to constrain
the effective operators that modify the Higgs sector. Current data do not allow for a
simple interpretation of the possible deviation from the Standard Model in terms of a
single mediator. We have illustrated that a beyond the Standard Model interpretation
9
of the current deviation requires several new fields with particular relationships among
the couplings, which does not seem appealing.
Finally, additional information on possible new physics in the Higgs sector can be
obtained from measuring the Higgs self-couplings, which is known to be challenging.
As an alternative, higher order effective Higgs couplings can be used to measure the
remaining effective operator, which may be indicative for a new scalar doublet cou-
pling to the Higgs sector only. Although these may be more difficult to measure, this
possibility should be studied in the future.
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